INTRODUCTION
sometimes with a selected window, excluding all but a few prominent alpha peaks to reduce background to a minimum. Standards were prepared by weighing Ra primary standards into scintillator vials with carrier and cocktail and allowina 30 d for equilibration. Measurement of the standard allows calculation of a conversion factor, which was/is used (with a decay factor) to calculate the concentration of Rn in the samples.
The relative solubilities of Rn in water, plastic, air, and cocktail solutions produce dramatic effects. For example, incorrectly installing a Teflon-faced, silicon rubber septum in vial cap invalidates results, as does uncontrolled variation in factors that affect chemical equilibrium, such as temperature, agitation, and volumes of each phase. Because Rn is nonpolar and hydrophobic (and parent and daughter nuclei are charged and hydrophilic), the effects of chemical equilibration are as important as radiologic equilibration in this system, and difficulties arise that are unique to this determination.
From this brief description, it is clear that a standard method should specify a sample collection protocol, scintillation (and/or collection) vial and cap type, cocktail type, preparation of standards and samples, temperature control, and instrument parameters. These factors are interrelated, and all affect the measurement much more acutely than is generally appreciated. Each of the factors will be discussed below in turn.
PREPARATION OF STANDARDS AND CONTROLS
We differentiate standards, which contain a a 6 R a traceable to primary standards, from controls, which contain only Rn and its progeny.
Standards are made by adding 0.001 dm-' of 15 ppm barium nitrate 0.5 M nitric acid carrier solution to a tared scintillation vial, adding the requisite quantity of radium solution by means of a microliter syringe, adding distilled water to give a total volume of cocktail. A 10-sample set of standards using 0.005 d m 3 of Packard cocktail in glass vials typically yields an average conversion factory of 187 cpm/Bq (6.92 cpm/ pCi)with a 0.30% standard deviation, while a set of standards prepared with 0.010 d m 3 cocktail yields a conversion factor of 215 cpm/Bq (7.97 cpm/pCi) with a 0.15% standard deviation.
The standards initially are in chemical disequilibrium because Bn daughters exist in the cocktail layer where they were formed. Figure 1 shows the effects of shaking the vial, which extracts progeny from the cocktail layer into the aqueous layer, where their volubility is much higher. This reduces the activity of the standard until transient equilibrium is restored in the cocktail in a minimum of 3 h. In practice, agitation of the standards is avoided after their initial preparation, and environmental samples are held at least 3 h in the dark (without agitation) so that they reach the same metastable state as the quiescent standards. This ensures that the conversion factor calculated for the standards can be applied to the samples. Laboratory-prepared samples should be shaken after preparation to hasten chemical equilibration, which, in the absence of agitation, takes longer than radiologic equilibration. Chemical equilibration involves diffusion of Rn among the headspace, water, cocktail, and plastic parts of the vial and cap. Figure 2 shows the effect of changes in temperature on standards prepared in glass vials, and Figure 3 shows temperature effects on standards prepared in plastic vials. Standards were prepared as described above, then stored in a incubators at 37Â° or in a refrigerator at 7oC and removed periodically for measurement. Temperature at time of measurement could not be controlled and leads to some of the scatter in the points. After equilibration for several weeks at the initial temperature, the vials were interchanged so that those originally stored at 37oC were store at 7oC, and vice versa, and the vials were again counted periodically to estimate the time required for reequilibration. The figures show that temperature equilibration takes on the order of weeks and leads to pronounced changes in activity of samples measured in plastic vials. There is virtually no hope of reaching the same state of metastable equilibrium in standards and environmental samples in plastic vials. equilibration, the vial is involved in the processes that give rise to the observed carrier effect. Variability in the effect results from variability in the concentration of carrier in the primary standards. Addition of larger volumes of the barium nitratehitric acid carrier solution leads to no further reduction in count rate, and nitric acid alone does not exhibit the effect. Glass vials reduce the carrier effect drastically, and carrier may also fortuitously serve to reduce the accumulation of long-lived progeny on the glass. We did not (and do not) observe a gradual increase in the activity of standards as = l O P b (ti/% = 21y) and its progeny accumulate, presumably because it is extracted into the aqueous phase. Although 'l0Pb is present in all standards supplied by EPA, it is not initially present in the cocktail phase (which extracts only Rn) of our Rn standards. Lead 210 will accumulate as standards age, but if the glass and cocktail phase are saturated with carrier, the a Pb may migrate principally to the aqueous phase, where it is not detectable. A large excess of carrier my affect quench levels and should be avoided, although no significant increase in quench was observed for the quantities of carrier described here.
T e m p e r a t u r e E f f e c t s

Interference by Aqueous-layer Radionuclides
The contribution of aqueous-layer Ra was determined by boiling Ra solutions of 444-740 Bq dm-3 concentration for several minutes to remove Rn, cooling the solutions, and adding 0.009 dm3 of this solution to a weighed plastic or glass scintillation vial. Then 0.001 dm3 of carrier solution or distilled water and 0.005 dm3 .of Optifluor-0 cocktail were added, that samples were shaken, and counting (over all channels) was begun within a few minutes. The samples were than allowed 30 d to reach secular equilibrium and counted again to determine their ultimate activity. In a typical standard containing 4.44 Bq (0.12 nCi) of Ra, the progeny alpha and beta activity through a l Ã § P should reach about 1,200 cpm in 30 d, and 0.17% of that in 30 minutes. Table 1 shows the percent of ultimate activity for each sample, prepared as above with and without carrier and in glass or plastic vials. The early activity exceeds that expected from initial in-growth of daughters at the time of measurement, but the activity is very low and some may arise from Rn not completely removed by boiling in addition to Ra in the aqueous layer. These data indicate that there is no significant interference from aqueous-phase radionuclides, especially in environmental samples where alpha activity is unlikely to exceed 3.7 Bq dm-3 (less than 1% of the concentration preserit in these samples). In samples at equilibrium, addition of carrier suppresses the sensitivity to aqueous radionuclides in plastic vials (here by about 2% in aged solutions because the Ra standard was not carrier-free), but not in glass vials. It does not appear that there can be significant interference from aqueous-layer radionuclides, even in aged samples, if glass vials are used with carrier solution. Plastic vials must provide some mechanism for interference that is not present in glass vials. There is no significant difference in quench level between the samples with and without carrier.
Other cocktails may give somewhat higher responses to aqueous-layer radionuclides. VIAL TYPE Both polyethylene and glass scintillation vials are in wide use, and caps may have polyethylene cone (PC), cork-backed aluminum, pulp-backed aluminum with polymer coating, and various other liners, or septa of various descriptions, but the most common septa are made of Teflon-coated silicon rubber (TR). Plastic vials are of course, resistant to breakage during handling, but they axe permeable to some cocktails, suffer from occasional counting irregularities due to static electricity, and may have higher background activity than glass (in spite of the widespread notion the *OK in glass always leads to a higher background). But, most important, since Rn is nonpolar, it diffuses through polyethylene quite readily.
This leads to a variety of complications that are best avoided.
Absorption of Rn into Plastic Vials
Storage of Rn-rich water in plastic vials leads to significant loss of Rn in the water. If, for example, water with an initial Rn concentration of 1.96 kBq dm-(53,000 pCi/L control samples, prepared as described above) is added to both plastic (PC cap) and glass vials (TR septa) so that no air bubbles are visible, then stored for 4 d before aliquots are removed for measurement, the water from the plastic vial shows a 70% loss of Rn (after correction for decay). This loss has not always been explicitly mentioned (Hess and Beasley 1990). 
Effect of Headspace
One problem that remains when glass vials with either septum-or foil-lined caps are used for sampling is the presence of bubbles. Bubbles result from incomplete filling at time of sampling or from exsolution of dissolved gases in the water samples. To verify the model, Rn solutions (control samples prepared as described above from resin-bound Ra samples J-18 and K-6 from Hahn 1990) were added to glass vials so that they filled the vial, or so that a 0.005 dm* bubble existed. The vials were store for 4 d to simulate equilibration during shipping; then the aliquots of solution were removed and the Rn concentration was determined by standard methods.
The experimental points were calculated by dividing the measured concentration of water in the vial containing a bubble by the measured concentration of Rn in the identically prepared vial without a bubble. The experimental points validate the experimental curve for the distribution coefficients given and show that reasonable care must be taken to fill glass vials completely when they are used as sample containers as described here.
Appearance of Activity in Vials
If the plastic and glass vials that were used as described above to store Rn-enriched water (370 Bq dm-' ) for several days are emptied and rinsed several times with distilled water, then filled with 0.015 d m 3 of cocktail and capped, the measured activity of the vial changes as shown in Figure 5 . The activity of the glass vial decreases as the adsorbed Rn progeny decay, but the activity of the plastic vial first increases as Rn diffuses into the cocktail, then begins to decay, with a rate that approaches exponential with a 3.8d half-life.
As Figure 6 shows, the spectrum of the glass vial shows decay of the peak just above channel 800, with a rate determined by the decay first of 2 Pb (1.03 MeV beta with 26.8 min half-life) and then of Z x 4 B i (0.82-3.26 MeV beta with 19.7 min half-life).
The beta peaks appear in channels 200-400, while the peak near channel 825 is an alpha peak due to the a14Po (6.9 -7.7 MeV, 1.6 X 10-48 half-life in equilibrium with the 19.7 min a t 4 Bi). This peak grows in and decays as expected under control of the Pb and Bi precursors. We have observed a rapidly decaying peak attributable to 1 8 Po (6.0 MeV alpha 3.0 rain half-life) below channel number 800 in some glass vials, but adsorbance is probably pH dependent and vials must be counted quickly.
The spectrum of the plastic vial initially shows extremely high activity in channels 200-400 and virtually none in the 700-900 region, as shown in Figure 7 . The former broad peak decays with an initial half-life of less that 2 min, then with a much longer half-life (about 20h after 300 min). The 200-400 channel band must be due to activity of radionuclides still adsorbed on the vial surface, which are highly quenched. These species desorb rapidly to an environment where quenching is reduced, and new peaks appear at higher energies. These changes are due mostly to chemical, not radiologic, equilibration, since the vial was initially filled (to the exclusion of air) with Rn enriched water that had several days to reach transient equilibrium.
The distribution coefficient (ration of the concentration of Rn in water to it equilibrium concentration in plastic) is small so that Rn migrates into the plastic from water.
When the water was removed and a nonpolar cocktail added, the new distribution coefficient (ration of the concentration in cocktail to the equilibrium concentration in plastic) is large, favoring the diffusion of Rn into the cocktail. Thus, the Rn peak ( 5 -5 MeV alpha) on the low side of the a 1 8 P o peak below channel 800 grows in, and the overall measured activity actually increases as chemical equilibrium is established, even though the actual total activity of Rn present in the vial (.and the progeny in equilibrium with it) must decrease. The increase in measured activity cannot be due entirely to the grow-in of progeny because the progeny are in radiologic (transient) equilibrium with the Rn, which was stored in the vial for 4 d. Eventually, the rate of migration of Rn into the cocktail becomes small, transient equilibrium of Rn in the cocktail with progeny in the cocktail is established, and the peaks around channel 800 begin to decay, with a half-life that is near 3.8 d after 60 h. Figure 7 also shows the spectrum of the plastic vial after 2 mo, with a prominent peak due to 2 1 0 Po (5.3 MeV alpha) and broad beta peaks due to 2 1 o Pb and 2 l o Bi.
Low-intensity peaks suggest the presence of some Ra.
It is interesting that the glass vials with polar silanol groups adsorb Rn progeny, while plastic vials absorb Rn, so complementary spectra are obtained. The spectra of glass vials exposed to Rn-enriched water are variable and are dramatically affected by small concentrations of ions that compete for binding sites. These characteristics may be significance for both sample storage and standard preparation : I t i s c l e a r t h a t p l a s t i c v i a l s a r e not  s u i t a b l e f o r s t o r a g e of w a t e r samples c o n t a i 
n Rn, b u t a d s o r p t i o n o f progeny by g l a s s i s of no consequence w i t h regard t o sample s t o r a g e , and t h e s e v i a l s r e t a i n Rn w e l l , assuming that a p p r o p r i a t e caps a r e used.
It is possible to obtain the Rn peak alone by removing gaseous Rn, by means of a syringe, from the headspace of a vial containing a solution of Ra.
If the gas is injected into a organic scintillator and measured repeatedly, the predictable changes occur in the peaks identified above.
Finally, if suitable cocktail is added to sampling vials before the water sample is added (in this case, water must be added with a syringe as described later), loss of Rn is reduced in plastic vials. Furthermore, glass vials with cocktail are less subject to breakage if the water is allowed to freeze and trapped air is inconsequential. Most determinations of waterborne Rn have been done with cocktails that are immiscible with water. Chemical separation of Rn from other radionuclides is thus effected, and energy discrimination is not necessary to eliminate interfering activity. Narrow windows may, however, be used propitiously to reduce lower levels of detection, as described later. Two-phase cocktails are desirable because they allow the preparation of Ra standards that have a long useful lifetime but have activity due only to the Rn in the cocktail phase, which is in equilibrium (after 30 d or so) with Ra in the aqueous phase. If a cocktail is used that promotes dissolution of aqueous phases, it will respond to aqueous-phase radionuclides in all samples, and use of Ra standards will not be straightforward. We have, therefore, not investigated theses single-phase cocktail systems.
Most
There are some differences among the immiscible t80rganic'i type cocktails8 however! even though they have similar efficiencies and background levels under optimal conditions. For examplef Figuze Bechan cocktail is based on pseudoc~mene~ while the NEN Cocktail is based on mineral oil with a pseudocmene cosolvent8 and the Packard cocktail is based on long-chain alkylbenzenes.
A phenylmlylethane-based cocktail! Ecoscint, was not investigated.
SPECTRAL REGION
As Rn and its progeny grow into equilibrium with the Ra in a ~t m d a d r spectra like those in Figure 9 are obtained. A typical background spectrum (amplified by a factor of 50) is also shown in the figure, andr fortuitously, the minimum in the background is near the maximum of the best-defined alpha peaks in the standard spectrum. Counts due to beta and gamma decays are spread our over many channels. The sharpness of the alpha peaks in the spectra shown here is somewhat exaggerated by the logarithmic relationship between channel number and pulse height on our instrument. It is decidedly not fortuitous that the slope of the background spectruxn is greater around the narrow sample peaks. If very high sensitivity is requiredr background subtraction can be complicated by variable quench in environmental smplesr which shifts peaks as well as reducing their intensity. Typically, if standards are counted over the 0-1000 channel ranger the conversion factor and background are 262 cpm/Bq and 48.2 Cpmr while in the 700-900 channel range they are 165 cpm/Bq and 4.5 cpmt and in the 650-950 range they are 220 cpm/Bq and 7.06 Cpmr respectively.
We have accumulated data on duplicate samples collected by lay individuals (for the most partr homeowners) using several methods. The hose-and-fume1 method originally proposed by the U.S. EPA (Partridge et al. 1979) was abandoned in favox of less cumbersome and equally effective methods wherein water is collected in a large beaker or pail. The beaker is held so that the end of the water spigot is below the surface of waterr and the water is allowed to overflow from the beaker for 2 min. A hose may be attached to the spigot and immersed in the water. Samples are then taken from the collected water by either of the following methods :
(1) A disposable plastic syringe fitted with a 6 cm length of W g o n tubing is used to remove a 0.010 d m 3 sample and inject the sample below the surface of the cocktail in glass or plastic counting vials. The Tygon tubing is chosen so that it can be forced over the Luer fitting of the syringe. Tubing with an inside diameter of lmm or larger prevent cavitation and consequent exsolution of radon. The large negative pressures, agitation, and bubbling that can arise when a steel needle is used on a 10 mL s~i n g e to take water smples for subsequent Rn determinations are avoided. The Tygon tubing is also safer for mailing and use by untrained personnel. The disadvantage of this methodt where cocktail is supplied in the sampling vialr is that the laboratory cannot choose to change cocktails used in standard abruptly if sampling bottles have been stockpiled in the field. The advantages are that laboratory work is minimized because the samples arrive at the laboratory ready to be placed into spectrometer, and that breakage due to freezing during shipment is eliminated.
A typical subset of our data base of several thousand duplicate measurements done by this method has an avezage difference between A and B samples of 10% and the absolute standard deviation of these percent differences is 22%-(In one-third of the pairs, A and B samples differed by more than 22%.)
These samples were collected in poly cone-capped polyethylene vials by both homeowners and (not necessarily experienced) testing companies. The average LLD was 4.7 kBq d m 3 (174 pCi/L), calculated as described below, but samples were counted over the entire energy spectrume The large variance in results obtained by this method derives in part from physical leakage of poorly tightened caps in concert with other factors that are poorly controlled by lay persomel. Results would be improved by use of glass vials with foil-lined caps and the use of an optbized energy region.
(2) A glass vial and its septum cap are immersed in the water: and the vial is capped under water so that no gas is trapped-The water is transferred to counting vials in the laboratoxy with a syringe fitted with a double needle that allows air into the top of the vial as sample is removed from the bottom. Glass vials are susceptible to breakage by shock or by expansion of freezing water: although the septum cap reduces the latter problem. As mentioned previously, bubble formation in filled bottles, incorrect installation of the Teflon-coated rubber septa, as well as an occasional poorly ' sealing cap, all lead to loss of Rn from the water.
A typical subset of 180 tests from our data base of about 1000 duplicate measurements made by this method has an average difference between A and B samples of 24%, and the absolute standard deviation of these percent differences is 40%. Samples were collected in duplicate 0-016 d m 3 septum-capped vials and transferred to duplicate poly cone-capped polyethylene vials for counting over the entire energy spectrum. The relatively large A/B difference arises predominantly from sampling errors (presence of headspace gas and invexted sepa) that occurred in spite of specific warnings-It is likely that samples collected in this manner by experienced persomel would show much lower variability.
The relatively high absolute standard deviation of the average* differences indicates that there are a fairly small number of A/B pairs with a very large A/B difference.
This bears out our suspicion that Rn is hard to contain and that duplicate testing is necessary to detect a relatively small number of catastrophic errors in sampling.
Duplicate glass vials with aluminum foil-lined caps containing cocktail to which 0.010 dm1 samples are added by means of a syringe would minimize many sampling errors but would introduce some loss of Ftn because these vials must be opened to remove water. Sampling variability is not likely to arise from variability in the actual concentration of F~I in the well water! since all A/B pairs were taken within minutes of each other.
The Rn concentration undoubtedly depends on volume of water used for many hours before the test and perhaps to a lesser extend! upon natural variation of the well water concentration. All results quoted in this section were obtained by measurements over all spectrometer channels.
RESULTS OBTAINED USING STANDARD ==OD Table 3 shows typical results obtained for very-low-level control samples described in Hahn (1990) prepared with 0.005 dm' of Optifluor-0 cocktail glass vials! measured in duplicate. Samples were prepaxed in plastic vials for comparison. Five standard solutions were prepaxed in either glass vials with TFE/Silicone septa or plastic vials with poly cone caps. Matching blanks were prepared for background measurements. The samples and standards in glass vials were measured only over the 700-900 channel region! while the samples and standards in plastic vials were counted over all channels! so that the best available method can be compa~ed with a common method. The same samples were measured repeatedly over several days to detect the loss of Rn by nonradiologic processes. ) to adjust the LLD to the time of sampling (not measurement). We take L l p h a = G e t . = 1.645 (95% confidence level) and assume that the sample and background counts are close in samples that approach the LLD so the m o t = ( 2 a ) l l a .
The equation then reduces to:
The background time was taken to be 20 min, although a cumulative background time for the five samples is justified and reduces the LLD. The factor "100" converts the 10 m L sample volume to liters. The conversion factor is calculated by dividing the net sample count rate by the absolute activity of Ra in the standard in Bq or pCi, and conversion factors for at least five standards are averaged to obtain the value used in calculating the Rn levels in samples. The LLD values reported are very conservative because we:
(1) use 95% confidence levels, ncckntan cucktail i n plnslic vials with addcd carrier ( Ill*(').
